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Interplay between superconductivity and magnetism
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The attractive/repulsive relationship between superconductivity
and magnetic ordering has fascinated the condensed matter physics community for a century. In the early days, magnetic impurities
doped into a superconductor were found to quickly suppress
superconductivity. Later, a variety of systems, such as cuprates,
heavy fermions, and Fe pnictides, showed superconductivity in
a narrow region near the border to antiferromagnetism (AFM) as
a function of pressure or doping. However, the coexistence of
superconductivity and ferromagnetic (FM) or AFM ordering is
found in a few compounds [RRh4B4 (R = Nd, Sm, Tm, Er), R′Mo6X8
(R′ = Tb, Dy, Er, Ho, and X = S, Se), UMGe (M = Ge, Rh, Co),
CeCoIn5, EuFe2(As1−xPx)2, etc.], providing evidence for their compatibility. Here, we present a third situation, where superconductivity coexists with FM and near the border of AFM in Fe1−xPdxTe.
The doping of Pd for Fe gradually suppresses the ﬁrst-order AFM
ordering at temperature TN/S, and turns into short-range AFM
correlation with a characteristic peak in magnetic susceptibility at
T ′N. Superconductivity sets in when T ′N reaches zero. However,
there is a gigantic ferromagnetic dome imposed in the superconducting-AFM (short-range) cross-over regime. Such a system is
ideal for studying the interplay between superconductivity and
two types of magnetic (FM and AFM) interactions.

ince the ﬁrst discovery of superconductivity (SC) a century
ago, the effects of magnetic impurities and the possibility
of magnetic ordering in superconductors has been a central
topic of condensed matter physics. Due to strong spin scattering
(1, 2), it has generally been believed that the conduction electrons cannot be both magnetically ordered and superconducting.
Even though it is thought that Cooper pairs in cuprates, heavy
fermions, and Fe-based compounds are mediated by spin ﬂuctuations (3–5), SC generally occurs after suppressing the magnetic ordering either through chemical doping or the application
of hydrostatic pressure (6–10). However, there is growing evidence for the coexistence of superconductivity with either ferromagnetic (FM) (11–20) or antiferromagnetic (AFM) ordering
(21–24). With the decrease of temperature (T), some of these
systems show magnetic ordering before the superconducting
transition (Tc) (14–17, 20), some are ordered in a reversed sequence (11–13, 18, 19, 22), some have the two orderings occur
concomitantly (22, 25), and some show reentrant superconductivity (partially) overlapping with a magnetically ordered phase
(11–13, 26). Despite extensive investigations of interaction between SC and magnetic moments, there is so far no uniﬁed
theory for the coexistence of SC and magnetism. With the lack of
theoretic guidance, the existing experimental ﬁndings lead to two
schools of thought: one is that both orders result from the same
conduction electrons as evidenced by their synchronized magnetic and superconducting orders (22), and the other is that
there are two separate sets of electrons responsible for magnetic
ordering and superconductivity, respectively (19, 21, 25). What
remains incomprehensible is the case where superconductivity
and magnetic ordering coexist but are in competition with each
other, as seen in Fe-based systems (23, 24, 27).
The discovery of superconductivity in Fe-based compounds has
sparked enormous interest in the scientiﬁc community. Although
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Fe is the most well known ferromagnet, all parent compounds of
Fe-based superconductors exhibit AFM ordering. Though superconductivity is induced after suppressing the AFM ordering,
it can coexist with either remaining AFM ordering (23, 24, 27)
or new FM ordering (18, 19), and this provides an ideal platform for studying the interplay between superconductivity and
magnetism. Among the Fe-based superconductors, the chalcogenide FeTe1−xSex is unique in several aspects: (i) it is the
only compound composed of slabs of Fe(Te/Se)4 stacked together without an interlayer spacer; (ii) it becomes superconducting via isovalent doping of Se for Te, with the highest Tc
occurring at the 50% doping level; and (iii) the parent compound Fe1+yTe shows nonmetallic electrical conduction and forms
(π, π)-type AFM ordering with a large magnetic moment (28, 29),
in contrast to the (π, 0)-type ordering with a small magnetic
moment seen in Fe pnictides. The unusual AFM order in Fe1+yTe
cannot be explained by a simple Fermi-surface nesting picture,
thus leading to arguments for a correlated local-moment scenario
(27). Because of these differences, the application of hydrostatic
pressure or partial doping on the Fe site, such as with Co or Ni,
does not generate the generic phase diagram as seen for other
Fe-based superconductors (30–33).
To gain insight into the relationship between magnetism and
superconductivity, we choose to substitute Pd for Fe in FeTe.
This decision is motivated by the following: (i) Pd is known to
exhibit FM instability (34, 35) even though it is paramagnetic in
bulk, and (ii) PdTe is a superconductor with Tc ∼4.5 K (36–42).
The partial replacement of Fe by Pd will allow us to understand
the roles of Fe, Pd, and Te in both magnetism and superconductivity. Based on electrical transport, and magnetic and thermodynamic property measurements, we show that the ground
state of Fe1−xPdxTe varies from AFM to FM ordering, to a
superconducting state; this is one of rare cases where superconductivity ﬂirts with both AFM and FM.
Single crystals of Fe1−xPdxTe were grown via high-temperature
melting, with the procedure described in SI Text. The crystal
structure and the phase purity were measured by both powder
and single-crystal X-ray diffraction. Fig. 1 shows powder X-ray
diffraction patterns (Fig. 1A) and lattice parameters obtained
from single-crystal X-ray reﬁnement (Fig. 1B) for different
doping levels; it conﬁrms that the undoped FeTe forms a tetragonal structure, belonging to the P4/nmm space group. At room
temperature, the lattice parameters are a = 3.8202 Å and c =
6.2686 Å. Similar to previous observations (43), our singlecrystal reﬁnement result indicates that there are ∼9% extra Fe
atoms (T2 site of Fig. 1B) incorporated at interstitial sites of
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Fig. 1. Fe1−xPdxTe: (A) Powder X-ray diffraction patterns and (B) its unit cell parameters at room temperature obtained from single-crystal X-ray reﬁnement.
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the Te layers. As soon as Pd is introduced into the system, the
interstitial sites of Fe1−xPdxTe are occupied by Pd atoms (i.e.,
T2 = Pd when x > 0); though it remains in the same tetragonal
space group, its lattice parameters a and c both increase with
increasing Pd doping concentration for x ≤ xs ∼0.6 (Fig. 1B).
This ﬁnding indicates that Pd doping creates negative pressure,
which is surprising because Pd2+ (∼0.80 Å) has a nearly identical
ionic radius as that of Fe2+ (∼0.77 Å). The crystal structure of
Fe1−xPdxTe remains tetragonal up to xs (∼0.6). Above xs, Fe1−x
PdxTe crystallizes in a hexagonal structure (space group P63/mmc),
and its lattice parameters also increase with increasing x (Fig.
1B); this results in an increase of the unit cell volume with increasing x in the entire doping range (Fig. 1B). In the hexagonal
structure, the system no longer incorporates any interstitial sites
(Tables S1–S4). Though the hexagonal structure at x > xs can be
regarded as a deformed FeTe structure, the local environment of
Fe/Pd is transformed from a tetrahedron (x < xs) to an octahedron (x > xs) (44).
To correlate the structural information with physical properties, we show, in Fig. 2, the doping dependence of structural,

Fig. 2. Phase diagram of Fe1−x Pd x Te. AFM, antiferromagnetic; AFM-M,
antiferromagnetically ordered metallic state; FM, ferromagnetically ordered
state; M, metallic; NM, nonmetal; PM, paramagnetic; PM-M, paramagnetic
metal; SC, superconductivity; SR, short-range; SR-AFM, short-range AFM
correlation.
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electrical, and magnetic properties of Fe1−xPdxTe, with speciﬁcs
presented later. The undoped (x = 0) Fe1.09Te undergoes both an
AFM ordering and a structural transition from paramagnetic
(PM) tetragonal (high temperatures) to an AFM-ordered monoclinic (low temperatures) phase at TN/S ∼70 K, with the ﬁrst-order
characteristic. Upon Pd doping, TN/S is suppressed (solid circles),
reaching zero at x = xN/S ∼0.15 (dash line). In this doping region,
the electrical resistivity (ρ) changes from nonmetallic (NM)
character (dρ/dT < 0) above TN/S to metallic (M) behavior (dρ/
dT > 0) below TN/S. When the characteristic feature for the ﬁrstorder transition is absent at xN/S, the magnetic susceptibility of
Fe1−xPdxTe exhibits a peak at T′N. The value of T′N decreases
with increasing x (Fig. 2, open circles), which eventually reaches
zero at xc ∼0.88. The magnetic susceptibility peak is a signature
for short-range (SR) AFM correlation developed below T′N,
with no obvious ﬁngerprint in the electrical resistivity. Above xc,
superconductivity appears (Fig. 2, solid diamonds). The transition temperature Tc increases with increasing x. Remarkably,
the system shows ferromagnetism (Fig. 2, solid squares) in the
doping range of 0.78 ≤ x ≤ 0.98 with the maximum TFM (∼190 K)
at xc, where AFM and SC vanish. In addition to the variable
magnetic phases, there is doping-induced structural phase transition, being tetragonal at x < xs ∼0.6 (Fig. 2, dark blue) and
hexagonal at x > xs (light blue). Such a structural transition is
responsible for a change of electronic structure, manifested by
NM behavior at x < xs and a metallic character at x > xs.
We now present the detailed experimental results in support
of the phase diagram. Fig. 3A shows the temperature dependence of ρ of Fe1−xPdxTe for 0 ≤ x ≤ 0.5 (the experimental
technique is described in SI Text). Similar to previous observations (45), the electrical resistivity of undoped (x = 0) Fe1.09Te
increases with decreasing temperature at high temperatures, but
sharply decreases below TN/S ∼70 K; this is caused by the ﬁrstorder coupled structural and AFM phase transition (45, 46).
Below TN/S, the structure of Fe1.09Te becomes monoclinic. Upon
Pd doping, TN/S is suppressed, and the ﬁrst-order transition is no
longer observed at x = 0.2. The smooth and monotonic temperature dependence of ρ indicates the absence of both structural and AFM transitions at 0.1 < x < 0.2. Though it sustains
a nonmetallic temperature dependence (dρ/dT < 0) down to 2 K,
the magnitude of the electrical resistivity deceases with increasing x in the entire doping range above TN/S (Fig. 3 A and
C). For 0.5 < x ≤ 1.0, the electrical resistivity of Fe1−xPdxTe
continues to decrease with increasing x, as shown in Fig. 3B.
Karki et al.
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Fig. 3. (A and B) Temperature dependence of the electrical resistivity (ρ) of Pd1−xFexTe at the indicated compositions. (C and D) Temperature dependence of
ρ near the ﬁrst-order AFM/structural transition in the low-doping region, and the superconducting transition in the high-doping region plotted as ρ/ρ(5 K) vs.
T, respectively. (E–G) Temperature dependence of the magnetic susceptibility (χ) of Fe1−xPdxTe measured at a magnetic ﬁeld of 1 T. G Inset shows χ vs. x = 0.99
and 1.0; H is the χ(T) measured at 20 oersted (Oe) for 0.97 ≤ x ≤ 1.0.

More interesting is that ρ shows metallic behavior (dρ/dT > 0) in
the entire temperature range measured for 0.5 < x ≤ 1.0. We
believe that the cross-over from nonmetallic to metallic character is associated with the structural change at xs. Furthermore,
there is a sharp drop of resistivity at low temperatures for 0.88 <
x ≤ 1.0, as shown in Fig. 3D. This drop is due to the emergence of
superconductivity because the magnetic susceptibility shows
diamagnetism as well in the temperature range (Fig. 3H). Note
that the superconducting transition temperature Tc increases
with increasing x.
With Pd doping, the magnetic properties of Fe1−xPdxTe also
change. Fig. 3 E–H shows the temperature dependence of the
magnetic susceptibility, χ, at indicated values x. For 0 ≤ x < 0.2, χ
initially increases with decreasing temperature, and then drops
steeply at TS/N (Fig. 3E); this conﬁrms the ﬁrst-order nature of
the structural/AFM transition at 0 ≤ x < 0.2. Such a feature is
absent for x ≥ xN/S ∼0.15. Instead, there is a characteristic peak in
magnetic susceptibility at T′N (Fig. 3F). Because there is no
anomaly in electrical resistivity (Fig. 3 A–C) or speciﬁc heat, the
susceptibility peak cannot be due to a true phase transition, but
rather marks the onset of SR AFM correlation as seen in other
materials (47). With increasing x, T′N moves to lower temperatures, and the magnitude of χ decreases as well (Fig. 3F).
Though the characteristic peak is expected to completely vanish
around x = xc ∼0.88, the magnetic susceptibility reveals a dramatic increase below another characteristic temperature TFM at
x ≥ 0.78, as shown in Fig. 3G, which indicates the onset of ferromagnetic ordering at TFM. With increasing x, TFM initially
increases then decreases after reaching the maximum (∼190 K)
at x = xc ∼0.88. Interestingly, the low-temperature susceptibility
peak is still present for samples with x = 0.78, 0.80, 0.83, and
0.88, which suggests the coexistence of FM ordering and AFM
interactions in this doping region. Above xc, χ(T) continues to
Karki et al.

show FM behavior at high temperatures, but becomes negative
at low temperatures (below Tc) under low magnetic ﬁelds, as
depicted in Fig. 3H. The negative χ below Tc indicates the
emergence of superconductivity, because their electrical resistivities also drop sharply (Fig. 3D). Whereas TFM decreases,
Tc increases with increasing x (above xc). As shown Fig. 3G Inset,
χ(T) exhibits paramagnetic behavior above Tc for x = 0.99 and
1.0, indicating the complete suppression of FM. However, Tc
continues to increase with x (Fig. 3H).
Clearly, there is a coexistence of AFM and FM ordering
at 0.78 ≤ x ≤ 0.88, and of FM ordering and SC at 0.88 ≤ x ≤ 0.98 at
low temperatures for Fe1−xPdxTe, which is further supported by
the following results. First, the high-temperature magnetic susceptibility data allows us to extract both Curie–Weiss temperature
(θCW) and effective magnetic moment (μeff) by ﬁtting our experiNA μ2

mental data to the Curie–Weiss law χðTÞ = χ 0 + 3kB ðT −effθCW Þ, where
NA is the Avogadro’s constant and kB is Boltzmann’s constant. The
x dependences of θCW and μeff are shown in Fig. 4 A and B, respectively. Note that θCW < 0 for x ≤ 0.8, indicating that the
dominant magnetic interaction is AFM in this doping region. The
fact that j θCW j >> TN/S implies 2D AFM ordering for x < 0.2,
whereas a small θCW value at 0.2 ≤ x ≤ 0.8 is consistent with our
interpretation that there is short-range AFM correlation. And θCW
> 0 for 0.8 ≤ x < 0.98, which conﬁrms the ferromagnetic interaction in this doping range. Although θCW is comparable to
the corresponding transition temperature TFM, the effective
magnetic moment is small, as shown in Fig. 4B, which implies
that the FM ordering results mainly from Fe, even though Pd has
to be the vehicle of coupling between Fe atoms (see discussion
below). According to the single-crystal X-ray reﬁnement results
(Tables S1–S3), the actual Fe concentration is very close to the
nominal value for 0.8 ≤ x ≤ 0.98. We thus estimate the effective
magnetic moment of Fe using the nominal Fe concentrations;
PNAS | June 4, 2013 | vol. 110 | no. 23 | 9285
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Fig. 4. Fe1-xPdxTe (A) Doping dependence of Curie–Weiss temperature. (B) Doping dependence of the effective magnetic moment and magnetization at 6
T. (C) Magnetization vs. magnetic ﬁeld at 3 K for x = 0.8, 0.88, 0.92, 0.95, and 0.98. (D) Speciﬁc heat vs. temperature for x = 0.92 and 0.88.

this gives μeff = 1.60μB/Fe (x = 0.80), 2.42μB/Fe (x = 0.83),
3.79μB/Fe (x = 0.88), 4.21μB/Fe (x = 0.92), 3.53μB/Fe (x = 0.95),
and 2.52μB/Fe (x = 0.98). Note that the highest magnetic moment for x = 0.92 is close to the Fe moment in Fe1.09Te (∼
4.65μB/Fe), as plotted in Fig. 4B. In the latter case, the actual
ordered magnetic moment is ∼3.31μB/Fe (28), smaller than that
obtained from the Curie–Weiss constant; this is explained as due
to the itinerant nature of the electrons in FeTe (28). For Fe1−x
PdxTe, we may estimate the ordered magnetic moment from
the magnetization. Fig. 4C shows the ﬁeld dependence (H) of
magnetization (M) at T = 3 K for x between 0.80 and 0.98. Note
that M(H) reveals a well-deﬁned hysteresis loop, conﬁrming the
nature of FM ordering for 0.8 ≤ x ≤ 0.98. Though M(H) is not
saturated up to 6 T, we may estimate the lower bound of the
ordered magnetic moment using M(H = 6 T) data shown in Fig.
4B. At T = 3 K, μ ∼0.33μB/Fe (x = 0.80), 0.48μB/Fe (x = 0.83),
1.49μB/Fe (x = 0.88), 1.85μB/Fe (x = 0.92), 1.67μB/Fe (x = 0.95),
and 0.22μB/Fe (x = 0.98). In addition to the fact that M (H = 6 T)
< Msat, the small ordered magnetic moment could result from (i)
the itinerant nature of the electrons and (ii) the reduced concentration of Fe in the highly Pd doped region. Nevertheless, the
speciﬁc heat reveals anomalies in the compounds with high TFM
(Fig. 4D), indicating a true phase transition at TFM.
From the results presented here, it is most likely that the FM
dome is intrinsic, due to the ordering of the Fe magnetic moments.
Within the dome, our single-crystal X-ray reﬁnement indicates
9286 | www.pnas.org/cgi/doi/10.1073/pnas.1307113110

that the structure remains the same as that of pure PdTe with
actual Fe concentration close to the nominal value, and there
are no interstitial sites of either Pd or Fe, which strongly suggests
that the FM ordering is not due to the formation of Fe clusters. In early studies, FM was detected in alloys of Fe in Pd
(i.e., Pd1−xFex) at compositions down to 0.08% Fe (48), because
magnetic moments on the Fe sites polarize the surrounding Pd
matrix (48–51). It seems that Fe doping in PdTe compound gives
rise to a similar effect, i.e., Pd matrix mediates the magnetic
interactions between Fe atoms.
The central question is, how can both FM ordering and superconductivity coexist in the region of 0.88 ≤ x ≤ 0.98? Having
excluded the possibility of structural phase separation, one may
consider the scenario of electronic phase separation with either
macroscopic coexistence of singlet SC and FM in different regions
or microscopic coexistence of triplet SC and FM (11, 21, 52).
If Fe1−xPdxTe were a triplet superconductor, a small amount
of impurity or disorder would completely suppress superconductivity, as seen in Sr2RuO4 (53). Though we observe anomalous
speciﬁc heat below Tc of PdTe (42), the insensitivity to Fe doping
does not support triplet SC. For the former case, further experimental investigations are necessary, such as combined scanning
electron microscopy and tunneling microscopy to directly probe
both SC and FM regions. Theoretically, almost all Pd d orbitals
in PdTe are occupied due to the covalency of the Pd–Te bonding, according to recent ﬁrst-principle calculations (44), and this
Karki et al.
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tetragonal to monoclinic. When TN/S approaches zero at xN/S,
there is no longer a temperature-induced structural transition,
whereas short-range AFM correlation exists for xN/S < x ≤ 0.88.
Superconductivity sets in at x ≥ xc ∼0.88. In addition, a gigantic
FM dome with 0.78 ≤ x ≤ 0.98 is centered at the critical concentration xc, where both AFM and SC vanish. The coexistence
of FM ordering with either SR AFM or SC results most likely
from the unique electronic structure of Fe1−xPdxTe. With the
low Pd concentration, both electrical conduction and magnetism
of Fe1−xPdxTe are determined by Fe/Pd d electrons, because they
are near the Fermi level. Due to the ferromagnetic instability
and the extended orbitals of 4d electrons of Pd, both AFM
interactions and electrical resistivity in Fe1−xPdxTe decrease with
increasing x. Before the complete suppression of SR AFM, FM
ordering occurs due to the Fe magnetic moment polarization in
the Pd matrix. However, the hexagonal structure at x > xs with
Pd/Fe in an octahedral environment leads to more localized
d electrons from Pd/Fe but itinerant p electrons from Te. It
seems that the weak hybridization between p–d electrons allows
for the magnetic ordering of Fe/Pd moments and superconducting
ordering of p conduction electrons. Nevertheless, these two
orderings compete with each other. Hence, the physics of Fe1−x
PdxTe in the hexagonal phase is in contrast to known Fe-based
superconductors, in which physical properties are mainly determined by Fe d states. Fe1−xPdxTe provides another and rare
example for studying the interplay between SC, FM, and AFM
ordering, where two separate sets of electrons are responsible
for FM ordering and superconductivity, respectively.
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leads to a strong suppression of the local magnetic moment (44).
As shown in Fig. 3G (Inset), the magnetic susceptibility of PdTe
(x = 1) indeed exhibits paramagnetic behavior above Tc. Upon
substitution of Pd by Fe, Tc decreases nearly linearly with increasing
Fe concentration (1 − x; Fig. 2). As Fe concentration reaches
∼3% (1 − x = 0.03), both SC and FM ordering coexist. The fact
that FM ordering does not immediately kill superconductivity is
likely due to the unique electronic structure of PdTe. Firstprinciples calculations indicate that the states in the proximity
of the Fermi level consist mainly of Te p electrons, which are
weakly hybridized with Pd eg orbitals (44); this is in dramatic
contrast to the electronic structure of FeTe, in which the states
near the Fermi level derived from Fe with direct Fe–Fe interactions, and the Te p states lie well below the Fermi level and
hybridized weakly with the Fe d states (54). For PdTe, the partial
doping of Fe may lead to an even weaker hybridization between
Te p and Pd eg orbitals, due to the shift of Fermi level. Our experimental observation is in support of this scenario: with increasing Fe concentration, superconductivity is gradually suppressed
to zero, at which the FM ordering reaches the maximum (Figs. 2
and 4). After Tc reaches zero at xc, the disappearance of the
superconducting energy gap allows the rearrangement of electronic structure, which is in favor of antiferromagnetic interaction; the latter apparently competes with the existing FM
interaction, thus leading to the complete suppression of FM at
x < 0.78.
In summary, the substitution of Fe by Pd results in an extremely rich phase diagram for Fe1−xPdxTe. Powder and singlecrystal X-ray diffraction measurements both indicate that there is
doping-induced structural transition from a tetragonal phase at
x < xs ∼0.6 to a hexagonal phase at x > xs. Correspondingly, the
electrical resistivity changes from nonmetallic character at x < xs
to metallic behavior at x > xs. Magnetically, the system undergoes
a ﬁrst-order AFM transition at TN/S for x ≤ xN/S ∼0.15, with the
structure transition occurring at the same temperature from
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